Dendrites of bipolar and horizontal cells protrude deeply into the synaptic terminals of cones in goldfish retina. This arrangement gives the impression that the cone synaptic terminal surrounds a morphologically shielded compartment, the cone synaptic cleft, from which clearance of neurotransmitter by diffusion is limited. In this study the time constant of this clearance has been approached in two ways: (I) the morphological parameters determining the clearance (extracellular synaptic volume and leak area), were estimated using morphometric methods. These data were introduced into a diffusion model of the cone pedicle, yielding a time constant for the clearance of <I msec; (2) the time constant of the light onset response when the glutamate transporter in the cone was blocked with DL-threo-/~-hydroxyaspartate or dihydrokainate, was interpreted as the time constant of the clearance, yielding values of almost 650 msec compared to around 90 msec in control conditions. The decay time-constant of the Ca-dependent tail-currents in cones was used, as an approximation of the dynamics of the intracellular Ca-concentration and thus of the glutamate release by the cones. The decay time constant was about 800 msec. This suggests that the intraceHular Ca-concentration in the synaptic terminal and hence the glutamate release by the cones drops with a similar large time constant. These results indicate that the cone pedicle in goldfish does not limit the clearance of neurotransmitters from the synaptic cleft and that the fast light onset response of horizontal cells under control conditions is due to activation of glutamate transporters by hyperpolarization of the cone membrane potential while the glutamate release drops slowly. The slow horizontal cell light onset response in/~-hydroxyaspartate or dihydrokainate may be due to a slow reduction of the glutamate release by the cones at light onset.
INTRODUCTION
Neurotransmitters are released into the synaptic cleft where they activate postsynaptic receptors. Various mechanisms are known to terminate the action of neurotransmitters. In the neuromuscular junction, acetylcholine is removed from the synaptic cleft by two mechanisms: (1) diffusion; and (2) hydrolysis by acetylcholinesterase. For many other neurotransmitters e.g. glutamate and GABA, no degrading enzymes have been found in the synaptic cleft. These neurotransmitters are cleared from the synaptic cleft by diffusion and successive uptake by glial cells or by presynaptic reuptake systems.
In the dark when photoreceptors are depolarized, their Ca-channels are open and their glutamate release is high. This keeps the horizontal cells (HC) and OFF bipolar cells (BC) depolarized and the ON BCs hyperpolarized. Light stimulation of cones leads, via the phototransduction cascade, to hyperpolarization of the cone membrane potential. The Ca-channels close and hence the glutamate release reduces (Trifonov, 1968; Ayoub et al., 1989; Copenhagen & Jahr, 1989) . Consequently HCs and OFF BCs hyperpolarize and ON BCs depolarize.
The cone synapse has a highly complex structure [Fig. I(A) ]; the dendrites of HCs and BCs protrude deeply into the cone synaptic terminals (the cone pedicles) (Stell, 1967) forming a synaptic cleft which seems to be a relatively large compartment connected to the surrounding medium by a relatively small leak area. When the volume of the extracellular synaptie space is large and the leak area is small, the time constant of clearance of neurotransmitter from this compartment by diffusion will be large even when diffusion of transmitters is fast. Consistent with this, is the suggestion based on electrophysiological experiments using glutamate transporter blockers, that diffusion of neurotransmitters hardly plays (Weibel, 1979) . (D) Tracing of the hilus at the bottom of the cone pedicle. (E) Measuring the width of dendritic profiles along the hilus. CP, cone pedicle; R, synaptic ribbon.
CLEARANCE OF NEUROTRANSMITrERS 3861 a role in the dynamics of the neurotransmitter concentration in the cone synapse Werblin et al., 1995) . On the other hand, Sarantis and Mobbs (1992) have measured the distance from synaptic ribbons to Mtiller cell processes surrounding the cone pedicle in tiger salamander retina and they calculated that it takes 10.8 msec for glutamate to leave the synaptic cleft. This is not consistent with the limited role of diffusion suggested by Werblin and co-workers Werblin et al., 1995) . Because Sarantis and Mobbs only took the distance into account, the question still remains what the contributions of the diffusion and the presynaptic re-uptake systems are to the clearance of neurotransmitters from the synaptic cleft. The aim of this study is to determine the dynamics of the neurotransmitter clearance from the synaptic cleft of cones in goldfish retina. Two independent estimates of the time constant of neurotransmitter clearance will be given:
1. Using diffusion equations and morphometric parameters of the cone synaptic terminal, the time constant of clearance can be estimated. This time constant depends on the volume of the extracellular space, the leak area of the cone pedicle and the diffusion constant of the neurotransmitter. 2. To estimate the time constant of clearance of glutamate, the glutamate transporter in the cone pedicle is blocked with DL-threo-fl-hydroxyaspartate (/~HA) or with dihydrokainate (DHKA) (Eliasof & Werblin, 1993) . In this condition, the time constant of the HC response can be used as an estimate for the time constant of clearance of glutamate out of the synaptic cleft.
Another essential parameter determining the dynamics of the glutamate concentration in the synaptic cleft is the dynamics of glutamate release. Gleason et al. (1994) have shown in their cultured retinal amacrine cell preparation, that synapt:ic transmission continues as long as Ca-dependent tail-currents are present in the presynaptic cell. Furthermore, they showed that there was a linear relation between Ca-influx and postsynaptic activity instead of the more common third or fourth power relation. This type of slow neurotransmission has many properties in common with the release from peptide secreting neurons and :from catecholamine and peptide secreting endocrine cells (Thomas et al., 1990; Verhage et al., 1991; Augustine & Neher, 1992; Peng & Zucker, 1993) . Because most retinal neurons respond with slow graded potential changes, they might use this mode of synaptic transmission. As cones have large Ca-dependent tail-currents (Maricq & Korenbrot, 1988; Barnes & Bui, 1991; Verweij et al., ~t996) , we have used these tailcurrents to estimate the dynamics of glutamate release.
METHODS
Goldfish (Carassius auratus) with a bodylength of 8-16 cm were kept in aquaria at a temperature of 18°C and a photoperiod of 12hr. Fishes were dark adapted for 13 min prior to decapitation. Subsequently, the eyes were dissected and the retinas were isolated under dim red light.
Morphology
Fixation procedures. Fixation of tissue may change the extracellular space. After conventional fixation of brain tissue with aldehydes, the extracellular space is <5% (Karlsson & Schultz, 1965) . However, pharmacological data indicate that about 20% of the volume of the adult mammalian brain consists of extracellular space (Van Harreveld, 1972 ). This discrepancy is most likely the result of fixation. No definite solution has been found for this problem, therefore we have chosen to determine the range of sizes of the extracellular space and leak area using various fixatives. Conventional aldehyde fixations have been compared with fixation methods designed to prevent changes in the extracellular space (Cragg, 1980) . For each procedure six fish with a bodylength of 12-16 cm were used.
A. High aldehyde fixation
Fixation for 2hr at room temperature in 1.25% glutaraldehyde and 1% paraformaldehyde in 0.1M sodium cacodylate buffer, pH 7.4. The osmolarity of this solution was 570 mOsm.
B. Low aldehyde fixation
Fixation in 0.5% glutaraldehyde and 1% paraformaldehyde in 0.1 M sodium cacodylate buffer pH 7.4 for 2 hr at room temperature. Since the high aldehyde fixative was developed for mammalian brains, the aldehyde concentration was reduced to lower the osmolarity. The osmolarity of the fixative was 450 mOsm.
C. Cragg fixation
The extracellular fluid in the retina was replaced by an isotonic sucrose solution (125 mM sucrose and 1.9 mM CaCI2 in 125 mOsm sodium phosphate buffer). After 1-2 min the sucrose solution was slowly replaced by a sucrose containing fixative (1% glutaraldehyde, 125 mM sucrose, and 1.9mM CaC12 in 125mOsm sodium phosphate buffer) (440 mOsm, pH 7.6). The tissue was fixed for 48 hr at 4°C.
D. Modified Cragg fixation
In the modified Cragg fixation, Ringer was slowly replaced by the same fixative as used in the Cragg fixation. The tissue was fixed for 48 hr at 4°C.
After fixation procedures A and B the tissue was rinsed in 0.1 M sodium cacodylate buffer (pH 7.4) and cut into pieces; only central parts of the retinas (not the optic nerve) were used. The samples were postfixed in 1% OsO4 and 1.5% potassium ferricyanide in 0.1 M sodium cacodylate buffer (pH 7.4) for 1 hr at room temperature, rinsed in 0.1 M sodium cacodylate buffer (pH 7.4), dehydrated in graded series of ethanols and embedded in epoxy resin. After fixation procedures C and D the retinas were cut into pieces and put into vials containing 1 ml of fixative to which 0.2 ml of a 6% solution of OsO 4 in water was added. After 16 hr at 4°C the samples were rinsed in 0.1 M sodium acetate buffer (pH 4.5), stained in 2% uranylacetate for 2 hr, dehydrated in graded series of ethanols and embedded in epoxy resin. Except sodium cacodylate (BDH, UK), all chemicals were obtained from Merck (Germany).
Transversal semithin (1 #m) sections were cut for light microscopy and stained with toluidin blue (Fluka, Buchs, Switzerland) . Ultrathin sections were cut, mounted on formvar coated slot grids and stained with uranylacetate and lead citrate. They were inspected and photographed in Philips EM 201 or CM 12 transmission electron microscopes (Philips Industries, The Netherlands).
Morphometric analysis. The extracellular space in the cone pedicle and the leak area of the cone pedicle were determined using morphometric approaches. Electron micrographs of cone pedicles showing a clear hilus were taken at final magnification of x22,200 or ×46,100. Magnifications were calibrated using a grating replica (21,600 lines per inch). Measurements were performed on a VIDAS (Kontron, Germany) image analysis system. The profiles of ten glomeruli per fish were traced [Fig. I(B) ] and their surface area, maximum profile diameter (Dmax), minimum profile diameter (Dmin) and the angle between the axes of Dmin and Dma x were determined. From the surface area, the diameter of the surface equivalent circle (circular diameter) was calculated.
The hilus [ Fig (Weibel, 1979) . The points hitting the extracellular space, the pointfraction Pp, gives an estimate of the relative volume Vv of the extracellular space. These measurements yielded a relative extracellular space and a relative leak area.
Estimation of absolute values.
For the estimation of the absolute volume of the extracellular space in the glomerulus and the leak area in the hilus it was assumed that: (1) all sections are derived from one population of cones; (2) the hilus has a circular shape; and (3) the glomerulus can be considered as a radial symmetric structure positioned centrally on the hilus. When sectioning a circle, 86% of the profiles has a diameter of more than half the diameter of the circle (Weibel, 1979) . Since only sections with a clear hilus were used for morphometry, it was assumed that the lengths of the hili measured were at least half of the real diameter of the hili.
With these assumptions the maximum glomerulus diameter, the glomerulus circular diameter and the hilus diameter were calculated. Using these values the absolute volume of the extracellular space was calculated in two ways: (1) the maximum glomerulus diameter, the ratio of the axes and the volume fraction of extracellular space in the glomerulus were used to calculate the maximal absolute volume; (2) the circular diameter and the volume fraction of extracellular space were used to calculate the minimum absolute volume. Finally the absolute leak area of the hilus was calculated using the hilus diameter and the leak fraction of the hilus.
Propagation of measuring errors. The relative standard errors of absolute estimates were calculated as the square root of the sum of the squared relative standard errors of the different components of the estimate. In this calculation the relative standard error of the diameter was raised to the third power for the volume estimates and to the second power for the area estimates.
Statistics. Differences in the calculated estimates
between the different groups were tested using a one way analysis of variance. The propagated standard errors were used to determine the variation within the group. A P-value <0.05 was considered statistically significant. A Newman-Keuls test was used for multiple comparison of groups.
E lectrophysiology Preparation. Cones and HCs were recorded in the isolated goldfish retina. For intracellular recordings from
HCs the retina was positioned, receptor side up, in a superfusion chamber and mounted on the stage of an Olympus IMT-2 inverted microscope (Olympus, Japan) with a 2× objective, IR illumination (LED SFH 484-II, Telefunke, Germany) and a video camera (Philips Industries, The Netherlands). The chamber, with a volume of 0.5 ml, was perfused continuously with Ringer's solutions at a rate of 2 ml/min. For perforated patch recordings from cones, the isolated retina was mounted receptor side up in a superfusion chamber. The photoreceptor surface could be viewed with a Nikon Optiphot II microscope (Nikon, Japan) with a 40x water-immersion objective with Hoffmann modulation contrast optics (Modulation Optics Inc., USA), infrared light (Wratten filter 87C, Kodak, USA) and a CCD camera (Philips Industries, The Netherlands). The chamber (contents 1 ml) was superfused continuously at a rate of 1.5 ml/min with Ringer's solution.
The superfusion solutions contained 102.0 mM NaCI, 2.6 mM KC1, 1.0 mM MgCI2, 1.0 mM CaC12, 28.0 mM NaHCO3, 5.0 mM glucose. The Ringer's solutions were gassed with a mixture of 02 and CO2 (approx. 97.5% and 2.5%, respectively) such that the pH was kept at 7.8. The 
Stimulation and recording. For the intracellular
recordings from HCs, a 450 W Xenon lamp (Osram, Germany) was used to project spots onto the retina. The maximal spot diameter was 8 ram. The wavelength was controlled by a monochromator (Ebert, U.S.A.). The intensity was controlled by a circular neutral density filter (Barr and Strout, CND 3, UK) ranging over 6 log units. The light stimuli were projected onto the retina through the epifiuorescence channel of the Olympus IMT-2 microscope. For the perforated patch recordings from cones, a 450 W Xenon lamp (Osram, Germany) was used to project spots onto the retina. The maximal spot size was 250/~m. The wavelength was controlled by interference filters (Ealing Electro-Optics, U.K.). The intensity was controlled by neutral density filters (Schott NG, Germany) ranging ever 5 log units. The light stimuli were projected onto the retina through the objective lens of the Nikon Optiphot II microscope. Intensity values are expressed in relative log units. Zero log intensity is equal to 3.2 × 1017 quanta/sec/m 2 at 650 nm. Intracellular responses were recorded with a WPI S7000A microelectrode, amplifier with electrometer module $7071A (WPI, U.S.A.). Data were sampled with an AD/DA board (CED 1401, U.K.) and stored in a MS-DOS computer. Microelectrodes were pulled from Clark glass (SM100F-10, Clark, U.K.) on a Sutter 87-PC puller (Sutter, USA), were filled with 3 M KC1 and had resistances of 60-100 1Vlff2 when measured in Ringer's solution.
Perforated patch clamp recordings were made with a DAGAN 3900A integrating patch clamp (DAGAN, U.S.A.). The patch clamp was driven by and data were sampled with an AD/DA board (CED 1401, U.K.) and a MS-DOS based computer system. Patch clamp electrodes were pulled from Clark glass (GC150TF-10, Clark, U.K.) or WPI glass (TWl50F-4, WPI, U.S.A.) on a Sutter 90-P puller (Sutter, U.S.A.) and had a resistance of approx. 5-7 M~2 when filled with the pipette solution and measured in Ringer's solution. The patch pipette was attached to the cone inner segment. The series resistance in the perforated patch configuration was 20°80 MQ. The data were corrected for the series resistance but were not corrected for the junction potential across the patch. The current signal was low pass filtered at 500 Hz.
The patch electrodes were filled with a solution containing: 4.0 mM HEI?ES, 16.0 mM NaCI, 118.0 mM KGluconate, 1.0 mM CaCI2. Amphotericin B or Nystatin were dissolved in DMSO and added to the solution to a final concentration of 160-240/tg/ml and 150/zg/ml, respectively. The final concentration of DMSO was 1.4-2%0. The pH of the intracellular solutions was titrated with KOH to 7.3. All chemicals used were obtained from Sigma (St Louis, U.S.A.).
Classification. HCs were classified by standard criteria: spectral sensitivity and receptive field size (Norton et al., 1968; Kaneko, 1970; Mitarai et al., 1974; Hashimoto et al., 1976) . Cones were identified visually and classified by their spectral sensitivity. In this study all cones used were either long-or middle-wavelength sensitive, and all HCs used were monophasic HCs.
RESULTS

Dynamics of clearance of neurotransmitter determined morphometrically
Light microscopy. Toluidin blue staining showed a less intense colour in the inner nuclear and plexiform, ganglion cell and nerve fibre layer. This staining pattern differed from that after conventional fixations, indicating a looser arrangement of the retinal elements in these layers. Additionally, large extracellular spaces were visible in the inner nuclear layer in the retinas after Cragg fixation. These spaces were smaller after modified Cragg fixation. The axon terminals of the HCs in the inner nuclear layer, had become smaller compared to the axon terminals in retinas after conventional fixation. The nuclei of all cones and rods were angular in shape.
Electron microscopy. In the electron microscope cone pedicles can easily be distinguished from rod pedicles because they are pyramidal in shape and located in the inner part of the outer plexiform layer (Stell, 1967) .
As the light microscopical images already suggested, after high aldehyde fixation [ Fig. 3(B) ], the dendrites of the HCs and BCs were found to be closely aligned in the synaptic terminal of the cone. The distance between the cone and dendritic membranes seemed to be more or less equal in the whole pedicle except around the arciform density of the synaptic ribbons, where the distance was larger. Similar results were obtained after low aldehyde fixation [ Fig. 3(A) ]. The ultrastructure of the retinas as observed after Cragg [ Fig. 3(C) ] and modified Cragg fixation [ Fig. 3(D) ] was as could be expected on the basis of the light microscopical images. The tissue elements were more loosely arranged than after low and high aldehyde fixation and the membranes of the cone and of the second order neuron dendrites were not closely aligned. Larger extracellular spaces were visible. In addition, these spaces were not distributed homogeneously throughout the pedicle. Similar to the aldehyde fixations the space around the arciform density of the synaptic ribbons was larger than the average distance between the other membranes and the extracellular space between the membranes of the dendrites appeared to be larger at the bottom of the pedicle. The membranes of the pedicles and dendrites generally had a fuzzy appearance and were less electron dense than after the conventional aldehyde fixations. On the other hand, the membranes of the synaptic ribbons in the cone pedicle were generally electron denser and less fuzzy than the membranes of the dendrites. Figure 4(A) shows the relative size of the extracellular volume in the cone synapse for the different fixations. The smallest extracellular space (6%) was obtained with the high aldehyde fixation, the largest with the modified Cragg fixation (16%) and the other two fixations were in between.
Morphometry.
For the maximal estimate of the extracellular volume the ratio between the largest and the smallest axes [2.02 -4-0.05 (n = 69)] and the mean angle between the axes was determined [86.7 deg ___ 1.3 (n = 69)]. Since the angles appeared to be distributed normally, the glomerulus was considered as an ellipsoid structure. With these data, the absolute values for the extracellular volume were deduced [ Fig. 4(B) ]. For low and high aldehyde fixations the extracellular volume was approx. 0.01 #m 3 and for the Cragg and modified Cragg approx. 0.03/~m 3.
In Fig. 5 the size of the leak area at the bottom of the cone pedicle is shown for the various fixatives. Again the high aldehyde fixation gave the smallest value, a leak area of approx. 0.01 #m 2, and the modified Cragg fixation the largest value, a leak area of approx. 0.1/lm 2.
These data have been introduced into a mathematical model for diffusion of neurotransmitters from the synaptic terminal (see Appendix). The model calculations yielded time constants of <1 msec for the clearance of neurotransmitters from the cleft by diffusion alone for the ranges of extracellular volumes and leak areas found in this study, even when choosing the most extreme values for the volume and the leak area.
Dynamics of the glutamate clearance determined electrophysiologically
The responses of a monophasic HC in the isolated goldfish retina to full field 650 nm, -0.5 log stimuli are shown in Fig. 6(A) . This intensity yielded almost saturating responses. The response consisted of a fast hyperpolarizing phase at response onset and a fast depolarizing phase at response offset. After /3HA was added to the Ringer's solution the HCs depolarized and the response onset slowed down, but the response offset was barely affected. In control condition the HCs rested at -24.9 4-7.7 mV and in/3HA at -7.8 4-2.0 mV (n = 6). When/3HA was removed, the membrane potential and the dynamic features recovered completely. The time constant of the onset responses, ~, was defined as the time needed to reach 1-1/e of the maximum response amplitude. For all conditions, the z's were determined using stimulus durations long enough for the response to reach a plateau value. These measurements 0.14- yielded the following results: control z = 87 + 13 msec (n = 6) and flHA z = 651 + 567 msec (ranging from 240-1660 msec) (n = 6). Since flHA may have been transported by the glutamate transporter, its application may result in an increased glutamate release. Therefore, the effect of another blocke, r of the glutamate transporter, DHKA, was also tested. Although DHKA is less effective than flHA, it is not transported and is therefore not expected to increase the glutamate release (Eliasof & Werblin, 1993) . The time constants of the onset response in control and in DHKA were 102 _ 20 msec (n = 4) and 204 ___ 71 msec (n =4), respectively, and the resting membrane potential was depolarized from -23.9_ 8.2 mV to -10.1 _ 6.2 mV (n = 4). To exclude the possible interference of the GABA-ergic positive feedback loop (Kamermans & Werblin, 1992) , the effect of picrotoxin was studied. Although picrotoxin hyperpolarized the HCs by about 20 mV, it did not affect the slowdown of the HC response, indicating that the flHA effect is not mediated via GABA-gated Cl-channels (n = 3) [ Fig. 6(B) ]. These experiments illustrate that blocking the transporter with flHA or with DHKA results in a slow-down of the HC onset response, while leaving the offset response intact.
Next, the effect of flHA on the light responses of cones was determined. Figure 6 (C) shows the light responses of a long wavelength sensitive cone to bright 621 nm flashes in control and in flHA Ringer's solution. Both the light on-and offset response of the cone were unaffected by flHA, indicating that the flHA induced effect found in HCs is not due to a slow down of the cone response dynamics.
Dynamics of neurotransmitter release
As discussed in the Introduction, depolarization of cones induces Ca-and Ca-dependent currents. After hyperpolarizing the cone, the Ca-dependent currents become visible as a tail-current (Maricq & Korenbrot, 1988; Barnes & Bui, 1991) . The tail-current is dominated by a Ca-dependent O-current (Maricq & Korenbrot, 1988; Verweij et al., 1996) . Using perforated patch techniques in order to minimize the disturbance of the Ca-homeostasis in the cone, the membrane potential was stepped from -67 to -10 mV for 150 msec [ Fig. 7(A) ]. After a variable delay, a second step to -10 mV was given. The tail-current induced by the second pulse was larger that the tail-current induced by the first pulse. The enhancement of the second tail-current by the first pulse reduced with increasing inter-pulse interval. The time constant of this reduction of enhancement ranged from 1 to 2 sec (n = 4). This indicates that the Ca-concentration does not drop very fast after hyperpolarization. To estimate the time constant of the decay of the tailcurrents, cones were clamped to various potentials for 10 sec, stepped to -10 mV for 100 msec to induce a defined Ca-influx and then stepped to -67 mV [ Fig.  7(B) ]. Clamping cones to potentials more positive than around -45 mV yielded tail-currents. The decay time constants of these tail-currents, defined as the time needed to reach 1/e of the maximal tail-current, were 680 _ 87 msec (n = 3) and 970 + 310 msec (n = 3) after clamp potentials of -35 and -28 mV, respectively. Again this indicates that the intracellular Ca-concentration does not fall rapidly with hyperpolarization.
DISCUSSION
Morphometrically determined time constant of clearance of neurotransmitter
This paper shows that the time constant for the clearance of neurotransmitters out of the synaptic cleft After a delay of 500, 1000, 1500, or 2500 msec the cone was depolarized to -10 mV for a second time.
For comparison the tail-currents induced by the first pulse are superimposed as "control" curve on the tail-currents after the second pulse (arrows). (B) A cone was clamped to the potentials indicated in the figure, stepped to -10 mV for 100 msec and then stepped to -67 mV. The decay time constant of the tail-current, defined as the time needed for the tail-current to reduce to 1/e of its maximal size, was 700msec after the clamp potential of -35 mV, and was 1100 msec after the clamp potential of -28 mV.
of the cone, as estimated with morphometric methods is <1 msec. Since this is much faster than the dynamics of the light responses, clearance of neurotransmitter from the synaptic cleft is not a rate limiting step in neurotransmission in the outer retina. Because fixation of the tissue might cause changes in the ultrastructure, fixatives have been used that yield small (conventional aldehyde fixatives) and large (Cragg and Modified Cragg fixatives) extracellular spaces. Conventional aldehyde fixations yield an extracellular space of 6-8% as already described by Karlsson and Schultz (1965) . Cragg and modified Cragg fixations give extracellular spaces of 13-16%, approaching the pharmacological data given for the central nervous tissue by Van Harreveld (1972) . Even within this large range of morphometric data on the extracellular space the time constant of clearance of neurotransmitter by diffusion alone does not exceed 1 msec because the leak area is relatively large (Fig. 10) . A possible error might be that the diffusion constant used in the model is too high. In order to obtain a time constant for clearance of about 600 msec, the time constant of the HC light response when the glutamate transporter is blocked, the diffusion constant for glutamate has to be three orders of magnitude smaller. Tortuosity may only account for a factor of 2.4 (Nicholson & Phillips, 1981) .
Electrophysiologically determined time constant of clearance of neurotransmitters
After blocking the glutamate transporters with C/HA, the time constant of the HC onset response to a bright flash of light increased to about 650 msec, while the HC offset response and the cone responses remained fast. This means that the slow HC responses in/~HA do not result from a slowdown of the cone response. Furthermore, the selective effect of/~HA on the onset response of the HCs was to be expected because the light onset response is linked to the reduction, whereas the light offset response is linked to the increase of neurotransmitter concentration. As two mechanisms can be responsible for the removal of glutamate from the synaptic cleft i.e. diffusion and re-uptake, the flHA and DHKA experiments suggest that diffusion alone results in a time constant for the clearance of neurotransmitter from the synaptic cleft of about 650 msec. This value is an underestimate of the time constant of clearance by diffusion alone because both /~HA and DHKA do not completely block the activity of the transporter (Eliasof & Werblin, 1993) . Thus, based on these experiments the cone pedicle seems to be a compartment that is more or less isolated from the surrounding medium on the time scale of the normal HC light response. Although these data are completely in accordance with the limited role of diffusion Werblin et al., 1995) , they are inconsistent with the morphological data presented in this paper.
Nonlinear horizontal cell membrane properties
Might /~HA or DHKA have affected the cone/HC transmission in another way? Direct effects of flHA or DHKA on the HCs are unlikely because HCs are not affected by the glutamate transporter blockers in Co 2+ containing Ringer's solutions (Eliasof & Werblin, 1993; Yang & Wu, 1993) . The slowdown of the HC response cannot have been caused by the activation of the autofeedback-loop from HC to HC because the slowdown remained present in picrotoxin (Kamermans & Werblin, 1992) .
Could the slow response be the result of the sustained depolarization induced by the blockers? Sustained depolarization could change the activation or inactivation of voltage gated currents in the HCs and thus change the dynamics of the HC responses. One of the currents that might speed up the HC light responses is the inward rectifier in HCs. Since the inward rectifier activates at very negative potentials, a modulation of the HC response dynamics by this current is expected only when HCs are hyperpolarized strongly. However, the responses slow down dramatically when HCs are depolarized. A second argument against depolarization being the source of the slowdown is that the effect of flHA on the dynamics of the HC responses was unaffected by picrotoxin while the HC membrane potentials in picrotoxin Ringer's solution were about 20 mV more hyperpolarized than in control conditions. Furthermore, as argued by Winslow (1989) , the voltage gated currents in HCs will hardly influence the dynamics of the HC responses under physiological conditions because the glutamatergic input to the HCs is very large. Finally, also glutamate induced depolarization does not affect the HC dynamics severely. Although the onset overshoot disappears, the HC response dynamics do not slow down as much as with flHA even with 5-50 mM glutamate or 500 #M aspartate (Cervetto & MacNichol, 1972; Murakami et al., 1972; Wu & Dowling, 1978) .
Slow release of glutama~e by cones
The question remains why HC light onset responses are slow in flHA or DHKA. The neurotransmitter concentration in the synaptic cleft is determined by three factors: (1) release; (2) re-uptak,e; and (3) diffusion. One could argue that in a system in which clearance of neurotransmitter from the synaptic cleft is much faster than the dynamics of the responses and where the activity of the neurotransmitter re-uptake systems is blocked, the responses of the second order neurons depict the dynamics of the release of neurotransmitter. In this context, the flHA experiments show that the glutamate release turns off with a time constant of around 650 msec. An independent, though very rough, estimate of the glutamate release was made in this study using the decay time constant of the tail-currents. This time constant of around 800 msec indicates that, at least near the Cadependent Cl-channels, the Ca-concentration does not drop very fast with hyperpolarization. Because the Cadependent Cl-channels are, presumably, located mostly in the synaptic terminal of the cones (Verweij et al., 1996) , the decay time constant of the tail-current represents the time constant of the reduction in the intracellular Ca-concentration in the terminal. When it is assumed that the glutamate release depends linearly on intracellular Ca-concentration, as was found by Gleason et al. (1994) , this time constant is an estimate of the time constant of the reduction of glutamate release. So, both the fiHA experiments and the experiments with the tailcurrents indicate that glutamate release reduces with a time constant of at least 650 msec.
Proposed mechanism
This paper shows that clearance of neurotransmitter Fig. 8(A) ]. In this condition the glutamate transporters in the cones hardly take up glutamate. When stimulated with light the cones hyperpolarize and the Ca-current, and thus the influx of Ca reduces. However, the Ca-concentration does not drop rapidly, as indicated by the large time constant of the Cadependent tail-currents. The reason for this might be that a slow extrusion mechanism for Ca is the most important factor determining the dynamics of the reduction of the Ca-concentration in the cone synaptic terminal (Gleason et al., 1994; Kobayashi & Tachibana, 1995) . Because the Ca-concentration drops slowly, the glutamate release will also reduce slowly. The hyperpolarization of the cone membrane potential, however, has increased the driving force for the glutamate transporters. These carriers will start to take up glutamate from the synaptic cleft and thus reduce the glutamate concentration in the cleft [ Fig.  8(B) ]. This will lead to the closure of the glutamate gated channels on the postsynaptic cell. In this hypothesis the fast dynamics of the light onset response is due to the increased action of the glutamate transporters.
With//HA or DHKA present in the Ringer's solution, the glutamate transporters will be inhibited and the glutamate concentration near the postsynaptic cells will be determined by the release of glutamate and thus change only slowly with hyperpolarization of the cones [ Fig. 8(C) ] yielding slow HC responses. With depolarization of the cone membrane potential, the Ca-channels open and the intracellular Ca-concentration will rise quickly and thus glutamate release will increase quickly, yielding fast HC responses just as in control conditions. This is consistent with the notion that the light offset response is not affected by//HA or DHKA. was solved numerically on a INDY workstation from Silicon Graphics using the Crank Nicholson method (Crank, 1975) . Diffusion model. To simplify the calculations, the twisted and folded surface of the extracellular space of the cone pedicle was stretched out to an imaginary fiat, square sheet (Fig. A1) . The model thus consists of two sheets of membrane with a space in between. The space has an equal volume as the extracellular space. The sides of the space between these two sheets are closed except for some holes. The total surface of these holes is the leak area. It was assumed that the concentration of the neurotransmitter outside the terminal is 0 mM and that there are no fluxes of glutamate through the membranes. This means that the glutamate transporters are blocked and that there is no release of neurotransmitters. This assumption reduces Eq. (A2) to the two-dimensional variant [Eq. (A3)]. Further, it was assumed that at t = 0 the whole extracellular space was homogeneously filled with neurotransmitter. The time constant of diffusion of neurotransmitter out of the cone extracellular space (r) is defined as the time needed to reach 1/e of the initial concentration at all locations in the extraceUular space.
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We assumed, just like Sarantis and Mobbs (1992) that the diffusion constant for the neurotransmitters is 10 -5 cm2/sec. Further it was assumed that diffusion in the extracellular space is like in a diluted aquatic solution and that charged residues in the membrane do not interfere with glutamate. Figure A2 shows the relation between the size of the leak area and r for various sizes of the extracellular space. Given the ranges of the sizes of the extracellular space and the leak area as determined in this study, it will be obvious from these plots that r will always be smaller than 1 msec even for the most extreme values. All the curves approached an asymptote for very large leak areas. This asymptote is the time needed for diffusion in a free solution without boundaries. The deviation of curves from this asymptote for small leak areas can be fully attributed to the effect of the diffusion limiting nature of the photoreceptor synaptic terminal. As is obvious from this figure, for realistic leak values this deviation is very small. This means that on the time scale of the events in the outer retina the cone pedicle is not a shielded compartment.
In conclusion, these calculations show that the extremely long time constant measured electrophysiologically in the flHA or DHKA experiments cannot be due to limited diffusion of neurotransmitter out of the synaptic terminal.
